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Summary 

llie emphasis of the first part of the 
lecture is on fully flooUeu, elastoliydro- 
dynanncally lubricated, elliptical con- 
tacts. A fully flooded conjunction is one 
in which the film thickness is not signif- 
icantly changed when the amount of lubri- 
cant is increased. The relevant equations 
used in the elastotiydrodynamic lubrication 
(EHL) of elliptical contacts are briefly 
described. The most important practical 
aspect of the elastohydrodynamic theory is 
tfiO deteniniuit ion of the minimum film 
thickness within the contact. The main- 
tenance of a fluid film of adequate 
magnitude is an essential feature of the 
correct operation of lubricated machine 
elements. The results to he presented 
show the influence of contact geometry on 
minimum film thickness as expressed by the 
ellipticity parameter and the dimension- 
less speed, load, and materials parame- 
ters. Film thickness equations are 
developed for materials of high elastic 
modulus, such as metal, and'Tor materials 
of Uiw elastic modulus, such as rubber. 

The s'olutions for materials of high 
elastic modulus are sometimes referred to 
as "hard t.HL," and the solutions tor 
materials of low elastic modulus as "soft 
EHL." In addition to the film thiikness 
equations tluit are developed, plots of 
prt'ssure and film tinckness are pre- 
sented. Tliese theoretical solutions for 
film tinckness have all the essential 
features of previously reported experi- 
mental observations based on optical 
inietf erometry . 

In the second part of the lecture a 
theoretical study of the influence of 
lubricant starvation on film thickness and 
pixssure in haixl and soft elliptical 
elastohydrodynamic contacts is presented. 
From the results for both hard and soft 
EHL contacts a simple and important dimen- 
sionless inlet boundary distance is speci- 
fied. This inlet boundary defines whether 
a fully flooded or a starved condition 
exists in the contact. It is also found 
that the film thickness for a starved 
condition can be written in dimensionless 
terms as a function of the inlet dist?>v'e 
parameter and the film thickness for a 
fully flooded condition. Contour plo' - of 
pressure and film thickness in and around 
the contact are shown for fully flooded 
and starved conditions. The theoretical 
findings are compared directly with re- 
sults obtained experimentally. 


1. IntroducUon 

Elastohydrodyiiv'iiiic lubrication is a 
form of fluid-film Ivbricatidn whore 
elastic defcrniation of bearing surfaces 
becomes significant. It is usually asso- 
ciated with higlily stressed machine compo- 
nents of low conformity, such as gears and 
rolling-element bearings. This lubrica- 
tion mecluinism is also encountered with 
soft bearing materials, such as rubber 
seals and tires. The common factor in 
these applications is that local elastic 
deformation of the solids provides 
coherent fluid films and thus asperity 
interaction is prevented. 

Historically, elastuliydrodynamic 
lubrication may be viewed as one of the 
major developments in the field of 
tribology in the twentieth century. It 
not only revealed the existence of a 
previously unsuspected ix>gime of lubrica- 
tion in highly stressed and nonconfonual 
machine elements, such as gears and 
rolling-element beatings, but it brought 
oixler to the understanding of the complete 
spectrum of lubrication ranging from 
boundary to l\ydredynamic. 

d. Confoniial and Nonconfonual Surfaces 

Hydrodynamic lubncafion is generally 
characterized by surfaces that are confor- 
mal. That is, the surfaces fit snugly 
into each other with a high degree of 
geometrical contoniiity, so that the load 
is carried over a relatively large area. 
Furtlieniiore the load-carrying surface area 
remains essentially constant while the 
load IS increased. F lu ul-t i Im journa I and 
slider bearings exhibit confonnal sur- 
faces. In journal bearings the radial 
clearance between the shaft and the hear- 
ing IS typically one-thousandth ol tlie 
shaft diameter; in slider bearings the 
inclination of the bearing surface to the 
runner is typically one part in a thousand. 

Many machine elements have contacting 
surfaces that do not confonn to each other 
very well. The TuTT burden of the load 
must then be carried by a very small con- 
tact area. In general the contact an>as 
between nonconfonual surfaces enlarge 
considerably with increasing load but are 
still small compared with the contact 
areas between confonnal surfaces. Some 
examples of these nonconfonual surfaces 
are mating gear teeth, cams and followers, 
and rolling-element bearings. 

The load per unit area in contonnal 
bearings is relatively low, typically only 
1 MN/mr and seldom over 7 MN/m‘^ By 
contrast, the load per unit area in non- 
confonnal contacts, such as those that 
exist in ball bearings, will generally 
exceed 700 HN/m*-', even at modest applied 
loads. Ihese tngh pressures result in 
elastic deformation of materials such that 
the elliptical contact areas are foniied 
for oil f i Ini generation and load support. 




The significance of the high contact 
pressures is that they result in a ro?’- 
siderable increase in fluid viscosity. 
Inasmuch as viscosity is a measure of a 
fluid's resistance to flow, this increase 
greatly enhances the lubricant's ability 
to support load without being squeezed out 
of the contact zone. 

The undeformed geometry of contacting 
solids can be represented in general terms 
by two ellipsoids. The two solids with 
different radii of curvature in a pair of 
principal planes (x and y) passing 
through the contact between the solids 
make contact at a single point under the 
condition of zero applied load. Such a 
condition is called point contact and is 
shown in figure 1, where the radii of cur- 
vature are deno',"d by r's. It is assumed 
throughout the lecture that convex sur- 
faces, as shown m figure 1, exhibit 
positive curvature and concave surfaces, 
negative curvature. Therefore, if the 
center of curvature lies within the solid, 
the radius of curvature is positive; if 
the center of curvature lies outside the 
solid, the radius of curvature is nega- 
tive. It is important to note that if 
coordinates x and y are chosen such 
that 
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coordinate x then determines the direc- 
tion ot the semiminor axis of the contact 
area when a load is applied and y, the 
direction of the semimajor axis. 


d. Relevant liquations 


Elasticity equation 
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Film thickness equation 
h - hg + S(x,y) + w(x,y) 
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The problem is to calculate the pressure 
distribution in the contact and at the 
same time allow for the effects that this 
pressure will have on the properties of 
the fluid and on the geometry of the elas- 
tic solids. The solution will also 
provide the shape of the lubricant film, 
particularly the minimum clearance between 
the solids. A detaileu description of the 
elasticity model used is given in Dowson 
and Hamrock (1976), and the complete EHL 
theory is given in Hamrock and Dowson 
( 1976). 


The relevant equations used in 
elastohydrodynamic lubrication of ellipti- 
cal contacts are as follows: 

Lubrication equation (Reynolds equation) 

fell! — f— 4- (pli) 
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where u = 2 

Viscosity variation 

n B (3) 


4, Dimensionless Grouping 

The variables resulting from the iSj- 
thennal elliptical contact theory devel- 
oped in Hamrock and Dowson (I97b) arg 
E' effective elastic modulus, N/m*^ 

F normal applied load, N 

h film thickness, m 

Rx effective radius in x (motion) 

direction, m 

Ry effective radius in y (transverse) 
direction, m 

u mean surface velocity in x direc- 

tion, m/s 

a pressure-viscosity coefficient of 

fluid, m^/N 

hq atmospheric viscosity, N s/m'^ 


where oq is the coefficient of abso- 
lute or dynamic viscosity at atmospheric 
pressure and a is the pressure-viscosity 
coefficient of the fluid. 

Density variation (for mineral oils) 

P = Pq(^ TriT^-p) (4) 

wher.. PQ is the density at atmospheric 
conditions. 


From these variables the following five 
dimensionless groupings were established: 
Dimensionless film thickness 


H 


n 
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Ellipticity parameter 
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Brt'wo aiHl llamiwk \hh'?) usod a lim\u- 
rt'nrossuMi liy tht' method ot least squares 
to' obtain the simplified equations given 
In equation (UK That is, for given sets 
of pairs of data UKi, (Ryi'R);)-)), 

J a 1, , a power f i\ using a 

linear regression h,y the method ot least 
squares I'esulteU in obtaining equation til). 
0 1 mens i onless lo ad paramet er 


W 


F 

f-r; 


0 i iiv ' ‘;^i,on 1/ s s spjH H l Ji aj'aiiie t er 
II . 

11 1 mens i on 1 e s s ma t e r i a i s p a r ame t e r 

d • ttt ' 


( 1 .') 


Ud) 

tMl 


The dimeiiMonless 1 1 Im thickness can 
thus be written as a tunition ot the other 
tour parameters 

H « ttk,LI,W,d) (lb) 

The intlueiue ot the dimensionless paramO' 
lers k, U, W, and G on minimum t i Im 
tluikness h|„,n presented later tor 
both hard and soft contaits. 

Ilie set 01 dimensionless groups 
{H,k,U,w,uf IS a usotul collection of 
parameters tor evaluating the results 
pivsented in this lecture. It is also 
comparable to the set ot dimensionless 
par.imeters used in the initial elasto 
h.vdrod.vn.imic analysis ot line contacts, 
and It has the merit tl>at the physical 
sigiiit leaner ot each term is readily 
apparent. However, a lUimbei ot authors, 
tor esample, Moev tlgob bo' and Iheyse 
tMt't'l, have noted that this set ot climen 
sionless groups can be reduced bv one 
par.wieter without any loss ot generality. 


b. hilly Flooded Hard I Hi Results 


Rv using the numerical procedures 
outlined in Hamrock and I'owson tlRtb) the 
intluence ot the ellipticity paraiiR'ter and 
the dimensionless speed, load, and mate- 
rials parameters on minimum film thickness 
has been investigated tor hard-lHl , fully 
flooded contacts tHamrock and llowson, 
I'l’tbl. The el 1 ipt 1 C it.y parameter k was 
varied from J ya ball- on plate cent igura- 
tion) to {' ta cent iguratuMi approaching a 
rectangular contact). The dimensionle'ss 
speed U was varied over a range ot near- 
ly two oixiers ot nutgiiitude, and the dimen- 
sionless load parameter K over a range 
ot one oiMpr ot magnitude. Situations' 
equivalent to using solid materials ot 
hi-otue, steel, and silicon nitride and 
lubricants of parattime and naphthenic 
oils were considered in an investigation 
ot the role oi the dimensionless materials 
paiMiiieter iT. Ihe 3T cases used to gen- 
erate the minimum f 1 1m .thickness toniiula 
are given in table 1. In the table 
H|ni„ corresponds to the minimum film 


thickness obtained from the LHl elliptical 
contact theory given in Hamrock and Dowson 
(197b). The miiiimuni-f 1 1m-thickness for- 
mula obtained from a least-squares fit ot 
the data was first given in Hami\ick and 
Dowson Tig77b) and is given here as 


min 
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In table 1 H|,nn ib f'e miniimmi film 
thickness ohtained trom eguation (lb). 
The pgrcv'iitage dittereiue between H|,nn 
and H„nn is expressed hy 



(17) 


In table 1 the v.ilues ot Uj are wiUun 
*b peivenl. 

A representative contour plot ot 
dimensionless pressure is shown in 
figure d tor k » l.db, U » 0.1011x10 “, 

W - 0.111x10 and 0 » ilbi'd. In this 
figure and in figure d, the + symbol 
indicates the center ot the Horlinan 
contact jone. Ihe dimensionless repre- 
sentation ot tho X and 1 cooixnnates 
causes the actual Hertcian contact ellipse 
to be a circle tvgardless ot the value ot 
the ellipticUy parameter, Ibe Hert/ian 
contact circle is shown by astonsks, On 
the I igure is a key sbowing the contour 
labrls and each v or iv spend ing value ot 
dimensionless pressure. The inlet region 
is to the lett and the exit ri'gion is to 
the right. Ihr pressure gradient at the 
exit end ot the v om.iuik I ion is muih l.mu'r 
than that in tho inlet region. In tig 
lire a pressure spike is visible at the 
exit ot the contact. 

lontoiie plots ot film thickness are 
shown in figure ,1 tor k t. 1,,';>, 
tl » O.lbaxliV'Tl, w « 0.111x10 i', and 
G « 4b.\'. In this t igure two minimuiii- 
1 1 1ny-tlnckness regions occur in woll 
defined side lobes Uial follow, and aiv 
close to, tho edge ot the Hertclaii contact 
ellipse. These ix’sults rt'produce all the 
essential teatires ot previously reported 
experimental observalions based on optical 
interferometry (Cameron and Goluir, igob). 

The variation ot pi\'ssure and film 
thickness in the direction ot rolling 
quite close to tho X axis near the mid- 
plane of tho conjunct ion is shown in tig-- 
lire 4 tor three values ot U. The values 
of the dimensionless load, matoruils, aim 
elliptuity parameters were held constant 
at k « b, W K 0. j.ldxliV'b, and G » 4b.'.', 
In tiguro 4(al the dashed lino coriYsponds 
to the Hertzian pressure distribulion. 

Tins figure shows that the pivssure at any 
location in the inlet region rises as the 
speed mcix'ascs, a lYsult that is also 
eonsi stent with ine elastohydrodynamic 
theory for line or rc>clangu'lar conl.icts. 
Furtheniiore, as the speed decreases, the 
height ot the pressure spike decreases and 


till' hydi'iHl.viuMiiu pri'KSurt’s yiaduflllv 
flPl'i'OiUii lilt' si'iiiU'l I ipUt ill torm III tiu' 
lii'ruiiiii ipiiliu t Nlrt'SiSes. Note thnl liu' 
liHstuin 0 ^ the pressure spike moves ilciwii 
stream towaiM the edye of the Hertzian 
centvUt ellipse as the speed dectx^ases. 

Kir neiinnal line ei rectaniiular contacts 
(Vwsen and liiyi)inson tldpo) sltowed ivsults 
similar to those in tigure ‘Ha). 

The t y p 1 c a 1 e 1 a s t o it'- d rody n am i c 1 1 1 in 
shape with an essentially parallel section 
in the central n'liion is shown 1n tigui'o 
‘Ut'H Iheit' IS little sign ot a it'entrant 
region in tins case, except perhaps at the 
lowest speed. Also, there is a consider. 
able change in the film thickness as the 
dimensionless speed is changed, as iiuli. 
rated b.v eguation vlb). This illustrates 
most clearly the diwnnaiit ettect of the 
oimonsionless speed parameter U on the 
mininiuni tiliii thickness in elastohydro 
dynamic contacts. 

The variation ot pressure and film 
thickness in the dm'Ction ot motion along 
a line close to the ml dp lane of the con- 
juiKtion IS shown in tigure b for three 
values of dimensionless Toad paraim'ter. 

Ihe values of the dimeiisionless speed, 
materials, and elliptu ity parameters were 
tielo. lived at u « O.ltgKh' tl . ^b.'., 
and k c 0 . Note troni tigure bta' that 
the pressure at .•ii\ location in the inlet 
region tails as the load iiKn'ases. lor 
the highest loa.i vU l.idt'sli'' h), 
tigure t'vl'H the 1 1 1m thukness rises 
between the central tegion and the outlet 
rt'strution. llns lYeiitrant eftevt is 
attributed to lubricant . ompresstbi 1 ity . 
Note also that at W » I'.b.W'KlO h the 
tili'i thickness Is siightlv smaller than 
at W l.lOt'kU' iliis somewhat cun 
ous is'sult IS linked to the tact that the 
location ot the miiiiiiium film thickness 
also vhanges drastualli ever tins load 
range. At the lower load the iiiiinmum film 
thickness is located on the niidplane ot 
the cenjuiiclion downstream trom tiie center 
et the ventact; at the higher load it 
moves to the side lohes as described 
earlier. 

t'. tylly Hooded Sot t~t Ml. Results 

The earlier studies ot elastoliydi\i. 
dytiannc lubrication of conjunctions ot 
elliptual tonn are applied to the part ic 
ular and interesting situation exhibited 
by materials ot low elastic modulus tsott 
tllLl, The procedure used in obtaining the 
sett t.Hl ivsults is given in Haimvck and 
Powson flo'M. Ihe ellipticity parameter 
was varied from 1 ta ballpen-plate con 
figuration' to 1.' ta cont iguraf ion ap 
piMaching a nomihal line or ivctangular 
contiictl. Ihe diinensienless speed .’uid 
lead parameters were varied by one oiMer 
ot niagintude. Seventeen ditterent cases 
used to generate the minimum 1 1 1ns 
thickness foniiula are given in table H. 

In the table eortvsponds to the 


mlniimmi film lluckne'.v obtained tium 
applying the Ull elliptical lontavl iheory 
given In Hamroik and ilowsoii tl'i’bj to the 
soft-EHL contacts. Ihe iiilnimum f i Im 
thickness Hniiuila obtained from a least 
squares tit ot the data was tirst given m 
Hanirock and Uowson tl'lHl) and is given 
here as 
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In table 11 hnnn 'S the niiinmum lilm 
thickness obtained trom eguation (111). 

The percentage difference between li|n,n 
and Hiinn expressed by Oj, given 
ill equation • J’). The valui'S of Hj in 
table 11 aie within the range H to 
3 percent. 

It is interestinq to compare the 
equation tor materials ot low elastic 
modulus tsott Ull, eq. llHl) with the cor 
tvspondinq equation for nialenals c'f high 
elastic modulus (hard Ull) given in eqiia 
tion tlb'. The pc’wers ot U in cquatums 
(IH) and tlb' are similar, but the power 
ot W Is much mere signit leant ter low 
elasticdiiodulus materi als. The expressum 
shewimi the effect et tiie elliptuity 
parameter is iM exponential lonii in both 
eciuations, but wi tb dit teivnt constants. 

A major dittereiice between eguatioiis 
till) and ch'l is the absence ot a male' 
rials parameter i.i in the expression tor 
U'w-elastic modulus materials. There are 
two reasons tor this, cine is the negligi 
Me effect ot pix'ssure on the viscosity ot 
the lubricating tluui, .uid the other is 
the wav m whuh the ivir ot elastu ity is 
simple and automat u a Ih iiu oit'oratc'd into 
the pivdutioh et vonjuiution behavior 
through an uKiease in the size ei the 
Hertzian vont.ivt zeiie v er re spending te 
cl anges in load. As a chevk on the valid 
ity et this, case '* et table U was 
ivpeated ivith tiie material duingea from 
nitrile to silicone rubber. Tlie ivsults 
ot this ebange are receraed as eaxe 1’ in 
table 11. Itie dntieiisieniess minimum film 
ttnckiiess calculatc'd trom the lull numen 
cal solution to the elastoItvOredyiKimu 
contact theory was li'l.lMc' and the 
dimensionless iimnmum film thickness 
precUcted trom eguation tlb' turned out to 
he ld.'..kxlc' Ihis c,learly indicates a 
lack et dependence et the iiiiinnium tilm 
thickness tor low elastic modulus liiate- 
rials on the materials parameter. 

The variation et the ratio 
Hnji„;H|,j,„ is shv'wn in tigure o, 
where I1|„H, is the minimum film 
thickiH'ss tcNr ivctangular contacts, with 
the ellipticity par.inieter k ter hein 
high- ana K'w-elast ic miodulus materials. 

If 'it IS assumed that the minimum tilm 
thickness obtained trom the elastohydro 
dynamic analysis of elliptical vontacts 
can only be obtaiiu'd te an iiccuracy ot 
3 petvent, we find that the ratio 
^•nnnf^inn, r approaches the limiting 


Viilut’ at k K b toi* htgli-elatticwnociulus 
matpnals. bor low-elastic-niodulus 
niatena's the ratui approaches the limit- 
imj value mare slowly, but It is reason- 
able to state that the rectangular-contact 
solution will give a very good prediction 
ot the nnniimim film thickness for conjunc- 
tions In which k exceeds about 11. 

7. Fully Flooded - Starved Boundary 

The computing area in and around the 
Hertiian contact is shown in figure 7. In 
this figure the coordinate X is made 
dimensionless with t'espect to the semi- 
minor axis b of the contact ellipse, and 
the coordinate Y is made dimensionless 
with respect to the semimajor axis a of 
the contact ellipse. The ellipticity 
parameter k is defined as the semimajor 
axis divided by the semimincir axis of tne 
contact ellipse {k - a/b). Because of the 
dimensionless ionii ol the coordinates X 
and V ttie Hertzian contact ellipse be- 
comes a Hertzian circle regardless of the 
value ol k. This Hertzian contact circle 
is shown in Hgui'e 7 with a radius of 
unity. The edges of the computing area, 
wiiere tlie pivssure is assumed to he amhi 
enl, are also denoted. In this figure the 
dimensionless inlet distance lii, winch is 
equal to the dimensionless distance from 
the center et the Hertzian contact zone to 
the inlet edge ol the computing area, is 
shown. Luhricant starvation can Pe 
studied by siiii|'l> changing the diiiiensuui 
less inlet dislance m. A tully t looded 
condition is said to exist when the 
dimensionless inlet distance ceases to 
intluence the miniiiium film thickness tc' 
anv sigmf leant extent. 

The value at winch the inniinium film 
thickness first starts to change when m 
IS gradually reduced from a fully flooded 
condition is called the fully flooded - 
starved boundary position and is denoted 
by nt*. Iherefoix’ lubricant starvation 
was studied b.v using the basic elasto- 
Ivvdrodyiiamic lubrication elliptical 
contact theory developed earlier in the 
lectui'c and by observing how reducing the 
dimensionless inlet distance affected the 
basic features ot the conjunction. The 
next two sections make extensive use of 
the work pivsented by Hamrock and Dowsoii 
tld.i/a) and Hamrock and Howsoii tl 9 -’g), 

8. Starved Harii-tHL Results 

Table III shows how changing the 
dimensionless inlet distance affected the 
dimensionless mininium film thickness for 
three gniups of dimensionless load and 
speed parameters. All the data presented 
in this section are for hard-EHL contacts 
that have a materials parameter G fixed 
at 4bd.’ and the ellipticity parameter, at 
i). It can be seen from table 111 that, as 
the dimensionless inlet distance m de- 
creases, the dimensionless iiiinimum film 
thickness H,„,„ also decreases. 


Table IV shows bow the three groups 
of dimensionless speed and load parameters 
considered affected the location of the 
dimensionless inlet boundary distance 
nf'. Also given in this table are the cor- 
responding values of dimensionless central 
and minimum film thickness for the fully 
flooded condition as obtained by inter- 
polating the numerical values. The value 
of the dimensionless inlet boundary posi- 
tion m* shown in table IV was obtained 
by using the data from table HI when the 
following equation was satisfied: 


H - (H ; 
iiiin iiiirf 
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ni-m* 


0.03 


(ly) 


The value of 0.03 was used in equa- 
tion (111) since it was ascertained that 
the data in table 111 were accurate to 
only *3 percent. 

The general form ot the equation that 
describes how the dimensionless inlet dis- 
tance at the fully flooded - starved 
boundary ni* varies with the geometry and 
central film thickness vf an elliptical 
elastot\ydiMi1ynaniic conjunction is given as 


IB* 



Ihe right side of equation ffO) is similar 
in fonii to the equations given t>y 
Wolvendge, et al. (1871) and Wedeven, et 
al. tly71). By applying a least squares 
power fit ‘1 Uio data oiilauied t rum 
table 111 can write 
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A rully tloodec condition exists when 
iTi _s 111 *, and a starved condition exists 
when m s m*. 

Having clearly establislted the limit- 
ing location ot the inlet boundary for the 
fully flooded conditions (eq. (jl)) we can 
develop an equation defining the dimen- 
sionless film thickness for elliptical 
conjunctions operating under starved 
lubrication conditions. The ratio between 
the dimensionless minimum film thickness 
in sta*“ved and fully flooded conditions 
can be expressed in general fonu as 


H 


linn, s 
«min 





Table V shows how the ratio of the dimen- 
sionless inlet distance parameter to the 
fully flooded ~ starved boundary 
(m -'i)/(ni* - 1) affects the ratio ot 
mlniinum film thickness in the starved and 
fully flooded conditions H,„in,s/limiiv 
A least-squares power curve fit to the lo 
pairs of data points 



was used in obtaining values for C* and 
0* in equation (2Z) . For these values 
of C* and D* the dimensionless minimum 
film thickness for a st?rved condition can 

be written as 

/Z ^ \ 0-26 

H = H \r_ i .] (23) 

min,s min \m* - Ij ' ' 

Therefore, whenever m < m*, where m* is 
defined by equation (21), a starved lubri- 
cation condition exists, yhen this is 
true, the dimensionless minim»''i film 
thickness is expressed oy uquccion (23). 

If m > m*, where m* is defined by 
equation (21), a fully flooded condition 
exists. Expressions for the dimensionless 
minimum film thickness for a fully flooded 
condition are given in equation (lb). 

Figures 8 to 11 explain more fully 
what happens in going from a fully flooded 
to a starved lubrication condition. As in 
the earlier part of the lecture the + 
symbol indicates the center of the Hertz- 
ian contact, and the asterisks indicate 
the Hertzian contact circle. Also on each 
figure the contour labels and each 
corresponding value are given. 

In figures 8(a), (b), and (c) contour 
plots of dimensionless pressure (P = p/t') 
are given for group 1 of table HI and for 
dimensionless inlet distances in of 4, 2, 
and 1.25, respectively. In these figures 
the contour values are the same in each 
plot. The pressure spikes are evident in 
figures 8(a) and ^b), but no pressure 
spike appears in figure 8(c). This 
implies that as the dimensionless inlet 
distance in decreases, or as the severity 
of lubricant starvation increases, the 
pressure spike is suppressed. Figure 
8(a), with in ^ 4, corresponds to a fully 
flooded condition; figure 8(b), with 
in = 2, to a starved condition; and figure 
8(c), with ffi = 1.25, to even more severe 
starvation. Once lubricant starvation 
occurs, the severity of the situation 
within the conjunction increases rapidly 
as in is decreased and dry contact 
conditions are approached. 

Contour plots of the dimensionless 
film thickness (H = h/R^) for the re- 
sults shown in group 1 of table III and 
for conditions corresponding to the three 
pressure distributions shown in figure 8 
are reproduced in figure 9. It is clear 
that the film shape in the central region 
of the elastohydrodynamic conjunction be- 
comes more parallel as lubricant starva- 
tion increases and that the region 
occupied by the minimum film thickness be- 
comes more concentrated. Note also that 
the values attached to the film thickness 
contours for the starved condition (fig. 
9(c)) are much smaller than those of the 
film thickness contours for the fully 
flooded condition (fig. 9(a)). 


The application of optical inter- 
ferometry allows the film thickness 
through the conjunction to be determined 
experimentally. An example of the inter- 
ference pattern for a starved, elasto- 
Kydrodynamically lubricated conjunction is 
shown in figure 10, which was kindly sup- 
plied by Sanborn from the work he reported 
in 1969. This technique produces informa- 
tion of great clarity and beauty. The 
film shape of the lubricated conjunction 
revealed by the experimental results shown 
in figure 10 compares quite well in quali- 
tative teniis with the theoretical results 
shown in figure 9(c) . 

9. Starved Soft-EHL Results 


By using the theory and numerical 
procedure mentioned earlier in the lec- 
ture, we can investigate the influence of 
lubricant starvation on minimum film 
thickness in starved, elliptical, elasto- 
hydrodynamic conjunctions for low-elastic- 
modulus materials (soft EHL). Lubricant 
starvation is studied by simply moving the 
inlet boundary closer to the center of (he 
conjunction, as described in the previous 
section. 

Table VI ivs how the dimensionless 
inlet distance affects the dimensionless 
film thickness for three groups of dimen- 
sionless load and speed parameters. For 
all the results presented in this section 
the dimensionless materials parameter 6 
was fixed at 0.427b, and tlie ellipticity 
parameter k was fixed at b. The results 
shown in table VI clearly indicate the 
adverse effect of lubricant st-'>'vation in 
the sense that, as the dimensionless inlet 
distance in decreases, the dimensionless 
minimum film thickness H|p^n also 
decreases. 

Table VI 1 shows how the three groups 
of dimensionless speed and load parameters 
affect the limiting location of the dimen- 
sionless critical inlet boundary distance 
m*. Also given in this table are corre- 
sponding values of the dimensionless mini- 
mum film thickness for the fully flooded 
condition, as obtained by interpolating 
the numerical values. By making use of 
table VI and following the procedure out- 
lined in the previous section, we can 
write the critical dimensionless inlet 
boundary distance at which starvation be- 
comes important for low-elastic-modulus 
materials as 




O.lb 

m* = 1 + 1.07 




where Hnnn is obtained from the fully 
flooded soft-EHL results in equation (18). 

Table VIII shows how m* affects the 
ratio of minimum film thickness in the 


starved and fully flooded conditions 
Hmin,s/*Snin' dimensionless mini- 
mum film thickness for a starved condition 


fur low t'UslIc imiilulus iimli'rlnls i .in lluis 
be wrillen as 



Therefore, whenever iTi < ni*, where 
ni* IS defined by equation (L’4), a lubri- 
cant starvation condition exists. When 
this is true, the dimensionless minimum 
film thickness is expressed by equation 
(2b). If m2 ™*i a fully flooded condi- 
tion exists, and the expression for the 
dimensionless minimum film thickness for a 
fully flooded condition foi" mate- 

rials of low elastic modulus is given in 
equation (18). 
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Figure 1. - Geometry of contacting eiutic so]id&. 
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Figure 6. - Effect of elliplicity parameter on 
ratio of dimensioniess minimum fiim thick 
ness to dimensionless minimum film thick 
ness for a line contact, lor EHL high- and 
low-elastic-modulus analyses. 
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Dlmenstonlei* Group 
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S. 12 3 

m ■ 

DlroenelonleM Load Ptr&ableri W 
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TAULl VI I F KTT OF STAHVATION ON FILM THU KNKSS 
FOR SOFT-FHL CONTACTT? 


DtmenatonteaB 


Croup 


Inlet Dlftance, 
m 

1 

2 



Dtmenelonlear Load Parameter. W 


0.8«5xur ' 

O.2202«l»*'' 

0.440ri.ln-^ 


Dimenatonleaa Speed Parameter. U 


o.siaexio"” 

0.1027X10''’ 

0.6129x10*’ 
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2<).B«10"® 

6S4,7«10*® 

1.89:i 

131. 2 

238 8 

672 0 

1.667 

120,7 

230 8 

;>4:i 1 

1.600 

126 6 

217.2 

wn 0 

1..7:i:< 

116 11 

160.9 

444.0 
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120 8 
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1.033 
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272 9 


TADLF Vn . FFFFCT OF INLET DISTANCE ON FILM THICKNESS 
rOIt SOn-FHl. I OSTAl TS 

Croup DlmenslonleaB Parameters FXiliv Flooded Ditnen- 


1 

W 

«x" 
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Vllm 

Thickne&s. 

"min 

• lonlt‘K8 
Inlet 

Doundar\ . 
n' 

1 li.alro.u.*” 

II, 441.5. II.*'' 

!'• 41 
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24.4ri 
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3 .513'! 
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10.41 

567 , 2 

l.8;iu 
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TADLF Mil - FFFFn OF INLFT DISTANCE ON MINIMUM 
FILM -THICKNESS RATIO FOR SOFT-EHL CONTACTS 


Group 


Diroen- 

BlonleBB 

Inlet 


FUm Thlckneea Rntloa 
(or Surved and 
Flooded Condlttona 


Inlet Boundary 
Paraimeters 


Hatancct 

m 

Central, 

Minimum. 
^rnln.B ^mln 

m - 1 
m - 1 

et al. 

(1971). 
m « 1 

®w * ‘ 

2.62 

1 

1 

1 

0.9895 

2 

.9430 

.9640 
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1.5 
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.6417 

.X66 
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1 

1 

1 
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2 
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2 
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1 

1 

1 
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4 
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